The ordered structures formed upon hybridization of complementary polynucleotides in dilute solution are commonly agreed to be double helices of the Watson-Crick variety (1). The sugar-phosphate backbone of an individual strand of such a complex is assumed to describe a right-handed helix similar to the helices deduced from x-ray diffraction studies on polynucleotide fibers (ref. 2 and references cited therein; ref. 3 ) and most recently observed directly in the ordered regions of tRNA crystals (4) (5) (6) (7) . The bases presumably are positioned within the helical framework and are oriented roughly perpendicular to the long axis of the chain, which doubles as the common cylindrical axis of the complex. This important organizational feature permits the bases both to stack one above the other in an approximately parallel fashion and also to participate in hydrogen bond formation with the complementary bases on the opposite chain.
Notable among the wide variety of unusual polynucleotides found in recent years to form stable complexes in solution are the synthetic 8-purine-2'-arabino and 6-pyrimidine-2'-arabino cyclonucleotides (8) (9) (10) (11) (12) . The bases in these molecules are forced by the introduction of a covalent linkage between the pentose and base to adopt an unusual high-anti glycosyl conformation x (see Fig. 1 ). In contrast, the bases of the Watson-Crick helices are found almost exclusively in the sterically favored anti conformation, which positions the more unwieldy portion of the base (i.e., the 2'-keto group of pyrimidines and the sixmembered pyrimidine ring of purines) away from the chain backbone. This single conformational difference prevents the association of cyclonucleotide oligomers with naturally occurring poly-and oligonucleotides and also dramatically alters the base stacking properties in these helices. In contrast to polynucleotide bases that stack in a right-handed fashion, the bases of single-stranded cyclonucleotide systems exhibit optical and nuclear magnetic resonance properties consistent with a left-handed pattern (8) . Remarkably, the alteration in x does not impede the experimentally observed formation of multistranded complexes between complementary cyclonucleotide chains (12) .
Recent conformational studies from this laboratory (13) and energy minimization calculations by Tomita and coworkers (14) have offered two contrasting models to account for the unusual properties of single-stranded cyclonucleotide helices. Both studies find the chain conformation that can best accommodate the left-handed base stacking of this system to be very similar in rotational details to the right-handed backbone arrangement that characterizes the individual strands of the familiar helical complexes cited above. The minor angular variations in the two models, however, produce two helices vastly different in gross morphology. Regular repetition of the skeletal angles produces in the first instance (13) a right-handed single helix and in the second (14) a left-handed one. Furthermore, as predicted by Yathindra and Sundaralingam (15) , in the former system the bases stack in vertical planes parallel to the helix axis and in the latter model the bases lie perpendicular to the helix axis. Thus, either the novel vertical stacking of the former model (13) or the unusual left-handed framework of the latter model (14) readily accounts for the failure of a cyclonucleotide oligomer to associate with a ribonucleotide polymer or oligomer containing horizontal base stacks attached to a right-handed framework. The critical test of either model, however, is its ability to accommodate the multi-stranded complexes known to form between complementary polycyclonucleotide chains. As outlined below, we find that only the right-handed backbone surrounding vertically stacked high-anti bases can form a double-stranded structure. On the basis of this analysis, we suggest an alternative vertical nucleic acid duplex which may be of some fundamental importance in certain biological systems.
DOUBLE STRAND FORMATION
The following analysis of double strand formation is based upon the assumptions: (i) that, like Watson-Crick structures, helical complexes of complementary polycyclonucleotides are stabilized by intra-strand base stacking and inter-strand hydrogen bonding; (ii) that the hydrogen bonding scheme of preference is the Watson-Crick variety [i.e., N6(A)-04(U) and N1(A)-N3(U) for A-U pairing]. The former assumption follows from the comparable thermal stabilities and melting profiles of corresponding cyclonucleotide and ribonucleotide oligomers and oligomer complexes (8) (9) (10) 12) . The second assumption stems from (a) the similar (but inverted) circular dichroism of the (cyclo-A)8-(cyclo-U)8 duplex and the (rA)8-(rU)g complex (12) and (b) the similar thermal stability and melting profile of the triple-stranded (cyclo-A)-2(cyclo-U) complex and the poly(rA)-2poly(rU) triplex (12) .
For practical reasons we limit the number of acceptable double-stranded structures with the requirements that (i) all bonds along the sugar-phosphate backbones of the two strands The five acyclic rotations and the glycosyl angle of the polycyclonucleotide ( Fig. 1) were varied initially at 50 increments (and later at 20 increments in selected subdomains) over conformation space located within the following boundaries: = 20-40', w' = 85-1250, C = 85-125°,0 = -30300 ,t = -140 to -100°, x = 105-1300. These values (defined with respect to trans as 00) describe the family of right-and lefthanded single-stranded helices which best accommodate our earlier criteria of left-handed stacking and steric acceptability (13) . The angle associated with the pentose puckering in this family is fixed at 2660 in a C(3')-endo conformation. Fixed backbone structural parameters consisting of valence bond lengths and bond angles were assigned the values outlined previously (13) . The helical (rOz) and base stacking (0,ZA,,q) parameters that describe the single helices were obtained using our earlier single virtual bond scheme (17) . The VERTICAL DOUBLE HELIX General features A computer-generated representation (18) of a typical vertically stabilized polynucleotide double helix appears in Fig. 2 . At first glance the complex bears a striking resemblance to an immense single-stranded helix. The-ribbonlike appearance stems from the close hydrogen bond associations between the vertically oriented high-anti base pairs on the two strands. The vertical connection between the two sugar-phosphate backbones accentuates the parallel contours of the two. As in the familiar horizontal models, Watson-Crick base pair formation requires the two strands of the complex to run in opposite (antiparallel) directions. In addition, the hydrogen bond associations in combination with the asymmetric stereochemistry of the base-sugar-phosphate repeating unit of the polynucleotide also position the two backbones at unequal intervals along the common cylindrical axis and thus produce a wide and a narrow groove in the double-stranded structure. As evident from The precise chemical structure depicted in Fig. 2 is a hypothetical high-anti poly(rA)-poly(rU) vertical complex. The complex is projected on a plane whose normal is perpendicular to the helix axis. The poly(rA) chain is represented by the lighter lines and the poly(rU) chain by the darker lines. It is important to emphasize that, because the dimensions of Watson-Crick purine-pyrimidine base pairs are fixed, a structure of this type can be built for any sequence of high-anti bases on a given chain.
One of the most interesting structural features of the above high-anti poly(rA)poly(rU) vertical double helix is the large vacant inner core evident from the representation in Fig. 3 perpendicular to the helix axis. Unlike the horizontal base pairs formed across large cross sections of the familiar DNA and RNA duplex structures, the vertical base pairs form between complementary residues at approximately the same radial locations (as measured by the polar coordinates r and 0) in the complex. This up-and-down orientation prevents not only the intersection of the bases with the helix axis observed in DNA-B (3) but also the relatively close approach of the bases to the helix axis found in DNA-A and RNA-A fibers (3) and also in double helices generated from dimer structures determined by x-ray crystallography (19) . The vacant holes through the centers of the latter structures are 6-7 A in diameter, while those in the vertical helices described here range from approximately 16 A to as much as 36 A in diameter (compare the following). Finally, it is evident from Fig. 3 that, like the familiar horizontal base pairing schemes, the vertical base pairs form inside the sugarphosphate helical framework. The atoms comprising a particular vertical base pair lie at comparable radial distances r from the cylindrical axis of the complex but fall over a range of vertical or z positions along the axis. On the average, the base atoms lie about 2 A closer to the helix axis than the atoms comprising the sugar-phosphate backbone. In contrast, the atoms comprising a standard horizontal base pair span a range of r within the core of the double helix but fall at comparable z coordinates.
The internal rotation angles and related helical parameters associated with the double helix described by Figs refs. cited therein). The principal differences between these two structures are the w' rotation about bond O(3')-P, the A rotation about bond C(5')-C(4'), and the glycosyl rotation x. The small variations in w' and A produce a much larger high-anti helix (with a mean distance (r) of 20.2 A to the backbone atoms from the helix axis) than the standard model; for which (r) is calculated to be 7.6 A, while the large difference in x affects the base orientation. The bases of both models may be classified as stacked as measured by a mean separation (Z) of 3-4 A between base planes and an angle A < 300 between base planes. The planes of parallel neighboring bases in the two complexes are oriented very differently as measured by the base stacking angles 0. The positive value of this angle in the standard helices is indicative of right-handed stacking, while the negative value found in the vertical model is indicative of left-handed stacking. Double-strand flexibility Also listed in Table 1 are the internal rotations and helical parameters describing several other representative vertical double helical complexes. The backbone conformations of all of these structures are sterically allowed. Similar arrangements have been observed in the crystal structures of small molecular weight nucleic acid analogs (20) and have also been predicted by various theoretical energy estimates (21) . As evident from the data in Table 1 , minor perturbations (±100) of the backbone angles produce a wide variety of vertical double helices. The smallest helices listed here are composed of 11.0 residues per turn and described by a mean backbone (r) of 9.3 A, while the largest helix in Table 1 is that described in the preceding sections. The step heights z of the complexes, however, do not vary so greatly as r and 0 owing to the steric constraints of vertical Watson-Crick base pair formation.
With the value of z remaining relatively "fixed" at approximately 3.4 ± 0.3 A, the number of residues per turn and consequently the pitch P = z X (3600 /0) of the vertical helices appear to reflect the increased radius directly. The variation in pitch, in turn, affects the width of the empty groove of the vertical double helix. The width of this groove equals the pitch minus the "fixed" width of the groove containing the vertical bases. In very large helices where P is also very large, the empty Angles are given in degrees (deg).
* The rotation angle convention adopted here (trans = 00) differs by 1800 from that used by crystallographers (cis = 00). x is defined by bonds groove will greatly exceed the filled groove in magnitude, while in smaller helices the two grooves may be of comparable size or the filled groove may even exceed the empty groove in size.
While the bases of all except one of the vertical helices listed in Table 1 above may be classified as stacked by the loose requirements in A and (Z) listed above, the best parallel alignments are found, as expected, in the larger, more loosely wound helices with a small angular rotation (0) per residue. On the other hand, the vertical bases in the smaller complexes are more nearly parallel to the helix axis as evident from the values of q in Table 1 . All of the vertical base complexes may be categorized as left-handed stacks by the negative values of the base stacking angle 0. The magnitude of 0, which reflects both the glycosyl rotation and the backbone conformation, however, may not be correlated directly with the radius of the helix.
Refinements of the vertical model The above vertically hydrogen-bonded polycyclonucleotide models, although not ideal, are unquestionably stereochemically allowed. An accurate A-U polycyclonucleotide double helix must be based upon the yet unreported accurate valence bond lengths and bond angles found in x-ray crystallographic studies of low-molecular-weight analogs. The present structures could be improved through more refined searches of the seven rotatable bonds comprising the chain repeating unit. We have also assumed that the two backbones of the double helix are conformationally identical and that hydrogen bond formation must meet certain arbitrary structural criteria associated with Watson-Crick base pair formation; better models result if we relax these two restrictions. Finally, we have restricted our attention to chains containing C(3')-endo puckered units and to polynucleotide backbones in the familiar g+g+ phosphodiester "helical" conformation. Our Since the size of the empty groove varies greatly with only small changes in backbone conformation, it is possible that a vertical helix could complex with a wide size-range of polymeric species. One molecule that could occupy the empty groove of a vertical double helix is the sugar-phosphate backbone of a polynucleotide single helix whose bases are complexed in the Hoogsteen fashion noted above to the vertical Watson-Crick base pairs. The vertical model thus can account also for the (cyclo-A)-2(cyclo-U) triple helix (12) by using a hydrogen bonding scheme analogous to that in the horizontal poly(rA)-2 poly(rU) triplex (22) .
Unfortunately, no long polymers of the rigid-base-oriented cyclonucleotides have been synthesized to date. Once this feat has been accomplished, the vertical polycyclonucleotide hypothesis can be tested directly by ultraviolet or infrared dichroism studies. The dichroic ratio associated with the light absorbed by an array of vertical bases should differ significantly from that found in conventional horizontally stacked polynucleotides. The dichroic ratios associated with backbone absorbances of the vertical double helix and the horizontal complex, however, should be very nearly identical.
It is important to re-emphasize that the vertical double helix presented here is very similar to the standard horizontal model. The only sizeable conformational discrepancy between the two models is the glycosyl rotation. In the vertical model this rotation is high-anti, while in the horizontal model the angle is anti. In polynucleotide systems such as formycin (23) (25, 26) . The low-salt form exhibits a right-handed circular dichroism spectrum and a Raman scattering spectrum consistent with a horizontally stacked DNA structure, while the high-salt form produces an inverted circular dichroism pattern reminiscent of those of vertical polycyclonucleotide complexes and also a Raman spectrum unlike that of any known DNA or RNA double helix.
The potential biological significance of the unusual vertically stabilized polynucleotide double helix presented here stems from its close conformational similarity to the conventional horizontal models. The attachment of a high-anti base to the familiar preferred "helical" backbone not only is sterically acceptable but also might be expected to be favored under unusual experimental conditions that perturb the normal conformation of the base. Because the potential energy of rotation about the glycosyl bond reflects the chemical nature of both the sugar and attached base (27) , the occurrence of the vertical duplex may be more probable with specific chemical residues.
Despite the conformational similarity between the horizontal and vertical double helices, one does not necessarily expect rapid and easy interconversion of the two forms. A plausible mechanism (although not the only mechanism)t of transition between two such double helices involves the rupture of horizontal hydrogen bonds as in normal helix-coil transitions followed by conformational variation of the glycosyl rotation and formation of vertical hydrogen bonds. Such a transition would require the complementarity of two bases in one strand located both horizontally across from and vertically above a given base in the opposite strand. This requirement is easily fulfilled, however, by long regularly repeating single or alternating base sequences.
The unusual geometry of a vertical double helix thus may be a unique characteristic of certain regular nucleic acid sequences. Such a conformational transition in response to changes in the local solution environment of a nucleic acid could be of importance in regulation phenomena like transcription and differentiation and also in the determination of tertiary structure.
